Experimental inhibition of decoherence on flying qubits via bang-bang control 
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Decoherence may significantly affect the polarization state of optical pulses propagating in disper- 
sive media because of the unavoidable presence of more than a single frequency in the envelope of 
the pulse. Here we report on the suppression of polarization decoherence in a ring cavity obtained 
by properly retooling for photonic qubits the "bang-bang" protection technique already employed 
for nuclear spins and nuclear-quadrupole qubits. Our results show that bang-bang control can be 
profitably extended to quantum information processes involving flying polarization qubits. 
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The struggle against environmental decoherence 
has a long history, which proceeds from the refo- 
cusing techniques of Nuclear Magnetic Resonance 
(NMR) spectroscopy [1 to Quantum Error- Correcting 
Codes (QECC) [21 H H IS], Decoherence-Free 
Subspaces (DFS) 0, Quantum Feedback 
(QF) [9 , and dynamical "Bang-Bang" (BB) decou- 
pling inB mi n2i us us nsi nsi nzi- Despite the 

impressive achievements of these techniques, QECC and 
DFS require a large amount of extra resources [3 , while 
QF is limited by measurement inefficiencies. In dynami- 
cal BB decoupling, the system undergoes a sequence of 
suitably tailored unitary operations which do not require 
ancillas or measurements. The physical idea behind 
BB comes from refocusing techniques of NMR spec- 
troscopy pQ: control cycles are implemented in time via 
a sequence of strong and rapid pulses that provide a full 
decoupling from the environment (and all its undesired 
effects) if the controls are applied faster than the bath 
correlation time. The decoherence suppression results in 
the increase of the NMR "transversal" relaxation time 
T2, which is related to dephasing [18]. Besides NMR, 
dynamical decoupling has been suggested for inhibiting 
the decay of unstable atomic states [15] [19] , suppressing 
the decoherence of magnetic states [20], and reducing 
the heating in ion traps [21]. 

In this Letter we apply the BB technique to a flying 
qubit, specifically the polarization state of a pulse 
circling in a ring cavity. In fact, the properties of optical 
elements (here the mirror reflectivity) depend both on 
frequency and polarization and this, in conjunction 
with a finite integration time of the detectors, results 
in a trace over the frequency degree of freedom and 
effectively spoils the coherence of a polarization state. A 
dephasing process takes place in the cavity, and after few 
round-trips the polarization state is almost completely 
mixed. On the contrary, an arbitrary polarization state 
is preserved for many round-trips when the BB controls, 
realized by suitably oriented wave-plates, are inserted in 
the optical path. 

Our experiment provides a proof-of-principle demon- 
stration that BB control can be profitably extended 
to quantum communication protocols involving flying 



polarization qubits. In fact, a generic communication 
channel can be divided into many small portions with 
constant dispersive properties. For example, in a single- 
mode optical fiber, birefringence is nearly constant over 
lengths much smaller than the fiber beat-length [22J. 
Few round-trips of our ring-cavity well mimic one of 
such small portions, and we show that BB decoupling 
efficiently inhibits any kind of polarization decoherence 
in the ring-cavity. Therefore, even though dispersive 
properties will vary randomly along the channel, pro- 
vided that BB controls are repeated on small enough 
distances, one expects that the polarization qubit is 
going to be preserved for lengths much longer than 
currently achieved [23] . 
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FIG. 1: (Color online). Schematics of the experimental ap- 
paratus. A typical acquisition run, with a sequence of peaks, 
each corresponding to a cavity round-trip, is also shown. 

The experimental apparatus employed to demonstrate 
this effect is depicted in Fig. [I] A laser diode at 
Ao — 800 nm wavelength and bandwidth A A ~ 15 nm, is 
pulsed at repetition rate of 100 KHz and pulse duration 
~ 100 ps, and injected in a triangular ring cavity 
through a spherical mirror with radius of curvature 1 m, 
reflectivity 98%. The state emerging from the laser is a 
coherent state with average photon number per pulse \i 
about equal to 1 soon after the mirror. The cavity is also 
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formed by two flat mirrors with reflectivity higher than 
99%. The aperture angle of the cavity at the spherical 
mirror is 8°, and the cavity length is 2.01 m. The 
polarization state of the pulses is prepared by using a 
polarizing beam-splitter (PBS) and a set of A/2 and A/4 
wave-plates. At every round trip the light is extracted 
from the cavity with 4% probability using a 100 /im 
thin glass plate. Therefore the resulting coherent state 
entering the detection apparatus has a mean photon 
number per pulse \i < 4 x 10 -2 , and the probability 
of having two or more photons in a detection event is 
less than 2%, as we have experimentally verified. The 
polarization state is analyzed by means of the tomo- 
graphic technique [24 , and then sent into a multimode 
fibre connected to a single-photon detector. The output 
signal from the detector stops the time conversion in a 
Time-to- Amplitude Converter (TAC) synchronized with 
the laser. The time delay between the sync and output 
signals is then recorded by a Multi- Channel Analyzer 
(MCA) with 8192 channels. The acquisition electronics 
has a time-resolution of 102 ps. The typical acquisition 
run is reported in the inset of Fig. [I] and shows a sequence 
of peaks, each corresponding to a cavity round-trip. The 
interval between adjacent peaks amounts to 6.80 ns, in 
agreement with the given cavity-length. 

It is worth noticing that the experimental setup de- 
tailed above justifies a description in terms of single- 
photon polarization qubits. The reason is twofold. On 
one side, although the weak coherent state circling in 
the cavity may contain more than one photon, each pho- 
ton does not interact with the others, for all the opera- 
tions in the cavity involve only linear and passive optical 
elements. On the other side, when the coherent state 
reaches the detection apparatus, its intensity is so low 
that the probability of a two-photon event is negligible. 
Hence the detection process postselects, with high prob- 
ability, only the single-photon pulses. This allows us to 
write the state injected into the cavity, soon after the 
spherical mirror, as an effective single-photon state 
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= J duE (lj) <8> |7r) in , (1) 



where \u) <S> \^)i n = \olho>h{^ + a v a v (u)^] |0), with 
ds(^y creating a photon with frequency u and linear po- 
larization state S = {\V}, \H)}, i.e. respectively orthog- 
onal and parallel to the plane of the cavity; S(u) is the 
amplitude spectrum of the pulse, normalized such that 
J d/jju = J d(j\£(u)\ 2 = 1, and |7r)^ n = (o^,gv) T de- 
notes the frequency-independent input polarization state. 

Let us now describe the transformations of the po- 
larization within the cavity. We denote with Z = 
| if) (if | — |V)(V| the Pauli matrix with eigenstates \V) 
and | if). The action of a cavity mirror on the polariza- 
tion state is represented by the unitary operator Mz(w) = 

exp[-i(M^)]|ff)(if| + exp[-i(0 y H + *W)(V\ [25] 
which, apart from an unessential global phase factor, 
can be rewritten as M.z(u) = Zexp[— i0(o;)Z/2] and 



<j)(uj) = 4>h(u) — <fiv(<u) the relative phase due to the 
polarization-reflectivity difference. The two plane mir- 
rors at 45° are characterized by the same Mz(u), while 
the third concave mirror of the cavity is almost at normal 
incidence: for this mirror <fi(u) ~ and therefore it acts 
as M% ~ Z. In order to compensate for this operation we 
have inserted a waveplate Z in front of the spherical mir- 
ror. The output polarization state after n round-trips is 
given by the reduced density matrix obtained by tracing 
over the frequency degree of freedom 



Pout=J ^U[0H] n |7r) in (7r|U t [0H] n = 



Pll Pl2 
Pl2 P22 



(2) 



where U[0(o;)] is the unitary operator describing the 
polarization transformation after one cavity round-trip 
for a given frequency component, and the 2x2 ma- 
trix is written in the {|if), \ V)} basis. The combined 
action of mirrors and compensating waveplate Z yields 
U[(j)(u;)} n = [M z (^)M z H] n = exp[-in0(o;)Z]. The fre- 
quency average and the dispersive properties of the 45°- 
mirrors transform the pure input state |7r)i n into a mixed 
output state p outl with unmodified diagonal matrix ele- 
ments but with off-diagonal elements decaying to zero for 
an increasing number of cavity round- trips. 

This dephasing process is not the most general deco- 
herence affecting the polarization qubit. In the generic 
case decoherence acts along an arbitrary, unknown, di- 
rection of the Bloch sphere, rather than along the known 
i-axis, affecting therefore both diagonal and off-diagonal 
elements of the density matrix. We implemented the 
generic error model by placing in front of each plane mir- 
ror a Soleil-Babinet (S-BVwith axis at 45° with respect to 
the cavity plane (see Fig. [I]). The action of the S-B on the 
polarization state is described by M%[0] = exp[— i0X/2], 
where X = \H)(V\ + \V)(H\. The S-B together with a 
plane mirror are described by the operator N(cj,#) = 
M.z(u)Mx(0)- The transformation of the polarization 
state after the n^-round trip in the presence of the S- 
B is therefore given by U[0(cj),#] n = [N(o;, 6) N(u, 0)} n . 
The free evolution (fe) operator U[0(o;), 0} can be rewrit- 
ten as exp [— iaf e (uj, 0) Sf e (w, 0) - a], where S = (X, Y, Z) 
is the vector of the three Pauli matrices, and describes 
a rotation in the Bloch sphere of an angle 2af e (ou,6) 
around the direction individuated by Sf e (cu, 0). Therefore 
by varying 6 and the bandwidth of radiation spectrum, 
i.e. the distribution of 0, one implements the generic po- 
larization decoherence. af e (cu,6) is given by the implicit 
expression 



sin[a /e (a;,0)/2] = sin[0(a;)/2] cos(0/2), 



(3) 



and Sf e (uu,6) = {sin#[cos (j){oj) — 1], sin0sin0(a;), (1 + 
cos#) sin0(cj)}/[2 sinaj e (o;, 6)]. 

We have performed a first experiment without the 
S-B in order to characterize the decohering properties of 
the cavity. The results are illustrated in Fig. [2j where the 
purity V = Tr(/^ ut ) and the fidelity T = mH/wK)m 
of the output polarization state are plotted versus the 
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FIG. 2: (Color online). Purity and fidelity versus the num- 
ber of double round-trips for three different input polarization 
states (left without BB, right with BB) when decoherence is 
due only to the plane mirrors (no S-B included). Horizon- 
tal polarization H is well preserved even without BB. On the 
contrary, if BB is not applied, the states D and R quickly 
decay to the fully mixed state (purity and fidelity equal to 
1/2). The fitting curve has been obtained by considering a 
Gaussian spectrum for the pulse (see text). When BB is ap- 
plied, both purity and fidelity remain very close to one for the 
whole duration of the photon storage in the cavity. Dashed 
lines fitting curves are obtained by numerical simulation with 
parameters al st = 8.39 x 10~ 2 rad and O = 0.2182 rad. 



number of BB cycles (double round-trips), for the in- 
put polarization states H, D (45° linear polarization) 
and R (right circular polarization state). The density 
matrices are evaluated by maximum-likelihood estima- 
tion from the histogram obtained with the TAC/MCA 
system for different settings of the waveplates in the to- 
mography apparatus. Ten time-bins around each peak 
of the histograms, corresponding to an integration time 
window of 1 ns, have been summed for evaluating the 
detector counts for the corresponding round-trip. When 
BB is not performed, polarizations D and R decay to the 
fully unpolarized state (V = J- = 1/2), while H, being an 
eigenstate of Z, is unaffected by decoherence. On the con- 
trary, polarization decoherence is completely suppressed 
when BB is applied. The BB is realized by adding two 
control operations within the cavity: a second Z wave- 
plate before the spherical mirror, and a S-B with axis at 
45° with respect to the cavity plane and delay equal to 
A/2 in the short arm of the cavity, acting therefore as X. 
The two controls implement every two cavity round-trips 
the full Pauli-group decoupling of a qubit [TTJ [23] . The 
transformation after the n^-round trip then becomes 
U[0(cj)] n = [ZM z (cj)XM z (cj)] n = (iY) n ; therefore, for 
even n, the polarization transformation is proportional 
to the identity operator, thus implying a perfect preser- 
vation of every input polarization state, i.e., a complete 
suppression of decoherence [26]. This is well verified for 
H, D and R polarizations in Fig. [2] 

The decay of the purity for D and R input states al- 
lows us to get a quantitative estimate of the polarization 
decoherence caused by the two plane mirrors. The out- 



put polarization state is given by the frequency average 
of Eq. ^ and can be written as p out = [ I + P out ■ <r]/2, 
where P out is the corresponding Bloch vector, so that 
V = [l + \P ou t | 2 ]/2. The frequency average can be treated 
by assuming \£ (lj)\ 2 = (trx 2 )" 1 / 2 e xp[-(cj - cjo) 2 /^}, 
where cr w represents the bandwidth of the radiation spec- 
trum centered in coo. The frequency dependence enters 
through the relative phase (j)(uj) due to the polarization- 
reflectivity difference at the plane mirrors. This depen- 
dence is well described by the linear relation (j)(uo) 
0o + t(u — Uq) : where 0o = <K^o), so that the integral of 
Eq. Q becomes an average over a Gaussian measure with 
standard deviation = ra^. The output purity without 
BB after n cavity round-trips for either D and R input 
polarizations is then given by V = [1 + exp(— 2n 2 cr 2 )]/2, 
which can be used for a best fit on the experimental data, 
giving a e f = (8.39 ± 0.03) x 1(T 2 rad. 

We have performed a second experiment for the more 
general model of decoherence by inserting along the op- 
tical path a S-B in front of each plane mirror. By chang- 
ing the delay of the S-B, one changes and therefore 
the orientation of the decoherence axis. Pauli-group 
decoupling is again realized every two round-trips by 
adding the BB operations X and Z in the cavity [TTJ [23] . 
The overall transformation after the n^-round trip for a 
given frequency component is now given by U[0(o;), 0] n = 
[ZN((J, 6) XN(cj, 0)) n , which can be rewritten, as in the 
free evolution case, as a rotation in the Bloch sphere, 
exp[— ia^uj, 0) sib (a;, 6) - a], with 

cos abb{u-> 0) = — (sin (j)(cu) sin#)/2, (4) 

and s bb (u,0) = {- sin (/>(cj) sin 2 ((9/2), 1 - 2sin 2 ((9/2) 
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FIG. 3: (Color online). Purity and fidelity, averaged over 
the whole Bloch sphere, for generic decoherence, for differ- 
ent phase angles, of the S-B (left without BB, right with 
BB). For each orientation of the decoherence-axis the output 
purity and fidelity with BB are significantly higher than the 
corresponding value without BB. Dashed lines fitting curves 
obtained by numerical simulation with a^ st = 8.39 x 10 -2 rad 
and 0o = 0.2182 rad, as in Figure [2] 

sin 2 [0(a;)/2], — sin sin [<fr(uj)/2]}/ [sin 0^5(0;, 0)]. Fig- 
ure [3] shows the evolution of the purity and the fidelity, 
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averaged over the whole Bloch sphere, under this gen- 
eral decoherence model, both with and without BB de- 
coupling. Each curve corresponds to a different orien- 
tation 9 of the S-B. BB again inhibits decoherence be- 
cause, for each orientation of the decoherence-axis, both 
the average purity and the average fidelity in the pres- 
ence of BB are significantly higher than the correspond- 
ing value without BB. The curve for 9 = reproduces 
the almost perfect preservation of the previous experi- 
ment, but polarization protection worsens for increasing 
9. This can be understood by performing the average of 
Eq. ([2| under the assumption that the pulse is not too 
broad, <C 7r, which is well verified in our experiment. 
In this case, aj and Sj (j = /e, bb) do not vary appre- 
ciably over the range of relevant phase shifts (j) and one 
can approximate Sj(cj)) with its value at the pulse cen- 
ter Sj((j)o), while aj((j)) can be approximated by its first- 
order expansion around 0o, OLj((j)) ~ a® + df-(0 — fa). 
From the output density matrix one then derives the ex- 
pression of V and T as a function of n. In the limit 
n -> oo both V and T tends to {1 + [P in • s((/> )] 2 }/2, 
which corresponds to the existence of a "pointer" basis 
unaffected by decoherence [27] (analogous to the prin- 
cipal states of polarization in fibers [28]). formed by the 
two states with Bloch vector equal to ±s(0o). As a conse- 
quence, when averaged over the initial state, purity and 
fidelity tends to 2/3. However, the interesting regime 
of our experiment is the one corresponding to a small 
round-trip number n. In that regime our ring-cavity well 
mimics a portion of a quantum communication channel 
with constant dispersive properties. For small n one has 
1 - T ~ (1 - V)/2 ~ n 2 [^%] 2 {1 - [P in • ^-(</>o)] 2 }/2, 
with j = {/e, bb}, showing that the smaller a the better 
the decoherence suppression. BB Pauli-group decoupling 
acts just by decreasing \a°\: by using Eqs. Q-Q and 



the fact that 0o is quite small in our experiment, one 
gets dj e ~ cos(0/2), a bb ~ sin(0/2) cos(0/2), showing 
that it is always a® e > a bb and therefore that BB bet- 
ter preserves the polarization qubit for any orientation of 
the decoherence axis, confirming its applicability to ot- 
pical fibers polarization control. These expressions also 
explain the perfect preservation of the polarization qubit 
of Fig. [2J the latter refers to 9 = 0, implying a® e = 1 
and a bb = 0. 

In conclusion we have provided a strong experimental 
evidence of the usefulness of BB Pauli-group decoupling 
in protecting a flying qubit against generic polarization 
decoherence. Our results suggest that BB may prove 
helpful to increase the fidelity of a one-way, polarization- 
based, quantum transmission as well as the coherence of a 
polarization qubit, over distances much longer than cur- 
rently achieved. In this respect one remark is in order. 
The BB decoupling technique adopted by us is funda- 
mentally different from the technique of Passive Com- 
pensation (PC), often used in quantum communication 
schemes [29 . PC exploits the retracing property of a 
beam traveling back and forth between two mirrors to 
revert on every "backward path" the dephasing intro- 
duced by dispersive elements during each "forward path" . 
Therefore, PC only works for two-way channels, as exem- 
plified by the Faraday-PC [30 . Also the demonstration 
in [31] works only for a linear cavity and requires PC 
as an essential tool. On the contrary, in the ring-cavity 
of our setup, the photon always travels in the forward 
direction, thus proving the BB effectiveness in the more 
demanding task of flying qubit coherence-maintenance on 
a one-way channel. 
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